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We investigated the effects of visuo-spatial attention on the kinematics of grasping movements by
employing a dual-task paradigm. Participants had to grasp cylindrical objects of different sizes (motor
task) while simultaneously identifying a target digit presented at a different spatial location within a
rapid serial visual presentation (perceptual task). The grasping kinematics in this dual-task situation
were compared with the those measured in a single-task condition. Likewise, the identiﬁcation perfor-
mance was also measured in a single-task condition. Additionally, we kept the visual input constant
across conditions by asking participants to ﬁxate. Without instructions about the priority of tasks (Exper-
iment 1) participants showed a considerable drop of identiﬁcation performance in the dual-task condi-
tion. Regarding grasping kinematics, the concurrent perceptual task resulted in a less accurate
adaptation of the grip to object size in the early phase of the movement, while movement times and max-
imum grip aperture were unaffected. When participants were instructed to focus on the perceptual task
(Experiment 2), the identiﬁcation performance stayed at about the same level in the dual-task and the
single-task conditions. The perceptual improvement was however associated with a further decrease
in the accuracy of the early grip adjustment. We conclude that visual attention is needed for the effective
control of the grasp kinematics, especially for a precise adjustment of the hand to object size when
approaching the object.
 2011 Elsevier Ltd. All rights reserved.1. Introduction
Before initiating a goal-directed grasping movement, the target
object has to be selected from the visual scene. Visual attention is
the mechanism which underlies this kind of selective processing.
In short, visual attention fulﬁls two important functions: On the
one hand, attention supports perception by facilitating the detec-
tion of certain stimuli (Posner, 1980), and on the other hand, visual
attention is involved in the selection of objects that are relevant for
goal-directed actions, thereby helping to specify the spatial param-
eters of a movement (Allport, 1987; Neumann, 1987).
It has been proposed that both mechanisms (‘‘selection for per-
ception’’ and ‘‘selection for action’’) share common attentional re-
sources (Schneider, 1995). So far, this theory is mainly supported
by the ﬁnding that the preparation of a spatio-motor action binds
the attentional mechanisms in visual perception to the movement
target. For example, while preparing a pointing or grasping move-
ment, visual discrimination performance is increased at the se-
lected movement positions, whereas the discriminationll rights reserved.
ce Research Unit, Wolfson-
pus, University Boulevard,
. Hesse).performance is reduced at positions which are not associated with
an upcoming movement (e.g., Baldauf, Wolf, & Deubel, 2006;
Deubel & Schneider, 2004; Deubel, Schneider, & Paprotta, 1998;
Schiegg, Deubel, & Schneider, 2003). Thus, the sensorimotor sys-
tem seems to selectively allocate attention to relevant move-
ment-related positions in space when planning a movement.
Note that attention can be distributed between several objects of
interest in parallel, for instance when obstacles have to be taken
into account (Deubel & Schneider, 2004), or when movements
are performed bimanually (Baldauf & Deubel, 2008). Although
there are many studies showing that visual attention is deployed
to the goal positions of the movement well in advance, leaving only
little processing capacity for action-irrelevant items in the visual
ﬁeld, there are considerably less studies looking for the comple-
mentary effects of withdrawing spatial attention from the move-
ment target on movement kinematics.
Many everyday activities involve simultaneous cognitive tasks
and motor control activities, and can obviously be well performed
by healthy humans (e.g., grasping a coffee mug while talking on the
phone). On the one hand, it could be argued that some motor tasks,
such as eye-movements or grasping, are immune to interference
since they are assumed to occur ‘‘automatically’’, thus not requir-
ing central cognitive resources (e.g., Shiffrin & Schneider, 1977,
1984; for an overview, see Norman & Shallice, 2000). On the other
hand, assuming that the attentional capacity available is limited
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expected to result in interferences. These inconsistent predictions
on the occurrence of interferences between attentional and motor
tasks are also reﬂected in the research examining the effects of
dividing attention on smooth pursuit eye-movements. Whereas
some researchers observed impairments in the accuracy of smooth
pursuit eye-movements when an attentionally demanding second-
ary task had to be performed (Chen, Holzman, & Nakayama, 2002;
Hutton & Tegally, 2005), other researchers reported an even en-
hanced pursuit performance when employing a dual-task para-
digm (Kathmann, Hochrein, & Uwer, 1999; Van Gelder, Lebedev,
Liu, & Tsui, 1995). The latter, rather counterintuitive ﬁnding was
explained by proposing that pursuit eye tracking is a highly auto-
matic process that is performed best in the absence of controlled
attention (Kathmann et al., 1999).
In contrast to the extensive research done on the relation of eye
movements and visual attention, studies investigating attention-
related effects on pointing and grasping movements have primarily
focused on the problem of whether and how the presence of a dis-
tractor in the workspace object modiﬁes the movement kinematics
(e.g., Bonﬁglioli & Castiello, 1998; Castiello, 1996; Jackson, Jackson,
& Rosicky, 1995; Kritikos, Bennett, Dunai, & Castiello, 2000; Tipper,
Howard, & Jackson, 1997; Tipper, Lortie, & Baylis, 1992). The ﬁnd-
ings of these studies suggest that distractor objects only interfere
with movements when they become task-relevant (therefore
attracting more attention) and share similar properties with the
target object. For example, in the study of Castiello (1996), partic-
ipants had to count how often a distractor object was illuminated
while executing a grasping movement (covert attention). When the
distractor object was a large object, maximum grip aperture was
larger than when the distractor object was a small object, although
the size of the target object remained constant. Thus, it was con-
cluded that task-irrelevant properties of the distractor are auto-
matically processed activating in parallel a motor program for
the distractor object which in turn causes the observed interfer-
ence effects. In short, this shows that when attention has to be di-
vided between a distractor and a target object, the grasp
parameterization is inﬂuenced by the distractor’s properties. The
assumption that grasping requires attentional resources is further
supported by recent studies conducted in our lab showing that the
introduction of a secondary (motor) task can lead to sequencing ef-
fects in grasp pre-shaping (Hesse & Deubel, 2010). In a free-
viewing condition, grip aperture was not adapted to the size of
the target object unless a concurrently executed pointing move-
ment (performed with the other hand) was ﬁnished. However,
when ﬁxation was required, both tasks (grasping and pointing)
could be well performed in parallel.
In all the studies discussed so far, the secondary task was al-
ways another motor task, and when distractors were used they
were related to the grasping movement. In the present study, we
applied a dual-task paradigm in order to test whether a visual task
requiring attentional resources interferes with grasp programming
and execution. Speciﬁcally, we wanted to test whether a secondary
task that withdraws spatial attention from the to-be-grasped ob-
ject to another location in space interferes with the grasping move-
ment. Therefore, we asked participants to simultaneously perform
a grasping movement to a target object while trying to detect a tar-
get digit in a rapid serial visual presentation of digits presented at a
different spatial location. In order to avoid the effects of overtly
changing attention between the perceptual and the motor tasks,
participants were asked to keep ﬁxation when performing both
tasks. We were especially interested in the question of whether
grasp kinematics were altered when a simultaneous perceptual
task had to be performed. We additionally examined the comple-
mentary effects of the grasping movement on the visual identiﬁca-
tion performance. Finally, the perceptual and motor performancereached in the dual-task conditions (grasping and identifying)
were compared to the performance reached in matched perceptual
and visuo-motor single-task conditions, respectively.2. Experiment 1
2.1. Methods
2.1.1. Participants
Twelve undergraduate and graduate students of the Ludwig-
Maximilians-University Munich (ﬁve men; mean age = 28, age
range: 21–47) participated in the experiment. They were paid 8
Euro per hour of participation. All participants were right-handed
by self report, had normal or corrected-to-normal visual acuity,
and were naive with respect to the purpose of the study. The
experiments were done with the understanding and written con-
sent of each participant and conformed to the Declaration of
Helsinki.2.1.2. Apparatus and stimuli
Three black wooden rings served as target objects. All rings had
an inner annulus of 25 mm, but differed in their outer diameters
(diameters 50, 55, and 60 mm).
Participants sat comfortably on an adjustable chair within a
dimly lit room. They looked straight at a transparent Plexiglas pane
(34 cm  30 cm  0.5 cm) which was placed vertically on the
tabletop at a viewing distance of 50 cm (see Fig. 1A). A chin rest
was used to maintain a constant head position throughout the
experiment. In every trial two rings of different size were attached
to the Plexiglas pane. The rings were vertically aligned with a dis-
tance of 8.5 cm between their centres (see Fig. 1B). At a distance of
100 cm behind the pane a video projector was installed projecting
onto the back of the Plexiglas to which a transparent foil and a light
grey paperboard were attached. Three holes were cut in the paper-
board allowing the projector to project at the position of the inner
annuli and the position of ﬁxation. The ﬁxation location was placed
centrally between the rings and 5.5 cm to their left to prevent
interference with grasping movements that were performed with
the right hand. The starting position of the hand was marked by
a pin which was afﬁxed on the table top. The distance between
starting pin and target ring was 38 cm for the lower and 42 cm
for the upper target position.
The projector was used to present the ﬁxation cross and the
attentional (visual) stimuli in the annuli of both rings. The visual
stimuli consisted of a rapid serial visual presentation (RSVP) of dig-
its (between 1 and 9). The digits were white projected on a grey
background for 50 ms with a blank interval of 75 ms between each
presentation. In each RSVP a black target digit occurred within the
RSVP. The size of all digits was 2.7 of visual angle. The size and the
presentation duration of the digits in the RSVP were determined in
a pilot study adjusting the digits such that participants achieved on
average an identiﬁcation performance of approximately 85%.
Trajectories of the grasping movements were recorded using a
Polhemus Liberty electromagnetic motion tracking system at a
sampling rate of 240 Hz. The Polhemus Liberty tracking system
provides 6-degrees-of-freedom (position and orientation) informa-
tion at a static accuracy of 0.8 mm RMS for the x, y and z positions
and 0.15 for sensor orientation. The Polhemus sensors were at-
tached to the nails of the thumb and the index ﬁnger of the right
hand (using adhesive pastels: UHU-pataﬁx, UHU GmbH, Bühl, Ger-
many and medical tape). Prior to the experiment a calibration pro-
cedure was used to align the Cartesian coordinate system (x, y, z) of
the Polhemus system such that the start position on the table cor-
responded with the point of origin (0, 0, 0). Also, the orientation
signals of the sensors attached to index ﬁnger and thumb were
Fig. 1. A: Schematic drawing of the experimental set-up (not drawn to scale). B: Arrangement of the stimuli on the Plexiglas pane (front view) C: All six possible ring
combinations. Each ring-combination could be cued in either ‘‘up’’ or ‘‘down’’ indicating to the participant which object to grasp and/or which location to attend in the
perceptual task.
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thickness of index ﬁnger and thumb, the orientation information
allowed us to calculate the grasp touch points of thumb and index
ﬁnger relative to the sensors, for each sample recorded during the
experiment. During the experiment participants wore liquid–
crystal shutter glasses (Milgram, 1987), which rapidly suppress vi-
sion by changing from a transparent to an opaque state.
2.1.3. Procedure
Participants began each trial with the index ﬁnger and thumb
of the dominant right hand located at the starting position. Before
the beginning of each trial the shutter glasses turned opaque and
the experimenter arranged the objects on the Plexiglas pane.
After the experimenter had placed both rings, he/she initiated
the trial manually by pressing a key. When the shutter glasses be-
came transparent participants looked at the ﬁxation cross located
to the left of the objects. Simultaneously the presentation of the
RSVP in both annuli began. After the ﬁxation period, which lasted
for 1 s, the ﬁxation cross turned into an arrow cuing either the
upper or the lower annulus. Depending on the block the cue indi-
cated to the participants at which target location they had to de-
tect the target digit and/or to which target they had to direct
their grasping movement, respectively. There were three different
task blocks: (1) Grasping baseline: In this block the cue indicated
to the participants which ring they had to grasp. The RSVPs could
be ignored and no target digit was presented. (2) Perception base-
line: In this block the cue indicated to the participants to which
annulus they had to direct their attention. Black target digits
were presented in both annuli and participants had to report
the digit that was presented in the cued annulus. No grasping
movements were required in these trials. (3) Dual-task condition:
In this block, participants had to do both, grasping the target ring
while simultaneously directing the attention to the opposite
annulus reporting the black target digit presented within the
RSVP. The cue indicated to the participants to which annulus they
had to direct their attention. In the perceptual baseline and dual-
task conditions the target digit (which had to be identiﬁed by the
participants) appeared randomly 200 ms, 350 ms or 500 ms after
the cue presentation (that signalled the beginning of the move-
ment). We chose different presentation times in order to prevent
participants from predicting the occurrence of the target digit
during the experiment. Furthermore, we aimed at presenting
the target during the time the movement was initiated sincethe movement programming phase is supposed to be most crucial
for the distribution of attentional capacities (Baldauf & Deubel,
2010; Schiegg et al., 2003). The mean RT associated with cued
prehension is approximately 450 ms according to Jakobson and
Goodale (1991). The RSVP was restricted such that the two digits
occurring simultaneously in both ring locations were never iden-
tical in one pass. In all blocks participants were instructed to keep
ﬁxation at cue location for the whole duration of the trial. After
three seconds, the shutter glasses turned opaque and the experi-
menter returned the objects and prepared the next trial.
In the trials which required grasping a target ring, participants
grasped the ring with index ﬁnger and thumb (precision grip),
and then put the object in front of them on the tabletop. When par-
ticipants had to report the target digit, they did so in the end of
each trial. The reported digit was then entered by the experimenter
sitting next to the participant. If participants did not perceive the
target they were instructed to guess. Furthermore, they were in-
structed to start their movements immediately after the cue was
presented and to do both tasks in the dual-task block as accurately
as possible.
There were six different combinations of ring sizes (see Fig. 1C)
and two possible target positions (up and down). In each trial the
combinations of target rings and cued location were determined
pseudo-randomly. In the baseline trials each combination was pre-
sented two times resulting in 24 trials. Thus, in the grasping base-
line each target size was actually grasped eight times. In the
perception baseline the target digit was presented eight times in
each ring size and the three presentation times were assigned ran-
domly to the 24 trials (each presentation time occurring eight
times but independent of the combination of ring sizes). In the
dual-task trials each combination of the six ring sizes and the
two cued locations (‘‘up’’ vs. ‘‘down’’) was presented ﬁve times
resulting in 60 trials (i.e. each ring size was grasped 20 times).
Again the presentation times of the target digit was assigned ran-
domly with each delay occurring 20 times during the 60 trials, and
each presentation time occurring at least ﬁve times for each object
size.
Before starting each block, six practice trials were executed for
familiarization with the task. The sequence of blocks was counter-
balanced across participants. Before the experiment started the po-
sition of the digits in the rings was individually adjusted such that
participants perceived the digits as presented in the middle of the
annuli.
Fig. 2. Identiﬁcation performance in the perceptual baseline conditions and in the
dual-task conditions of Experiment 1 (no instructions as to task priority), and in
Experiment 2 (instruction to set priority to the perceptual task). Chance level was
11.1%. Error bars depict ±1 SEM between subjects.
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The visual identiﬁcation performance and the kinematics of the
grasping movements measured in the dual-task condition were
compared with the performance in the baseline conditions respec-
tively. In order to test for the effects of the different presentation
times of the target digit on the perceptual performance, we applied
a repeated-measures ANOVA with the factor presentation time
(200 ms, 350 ms, 500 ms) to the data collected in the perceptual
baseline and in the dual-task conditions. If there was no effect of
target presentation time the data was merged for further analyses.
The percentage of correctly identiﬁed target digits was used as
indicator for the perceptual performance and compared between
the dual-task and the perceptual baseline condition. Furthermore,
we determined how often in trials in which the target digit was re-
ported erroneously, the reported digit corresponded to the digit
that was presented opposite to the cued location to which the
grasping movement was directed.
In order to determine the effects of the perceptual task on
grasping movements we compared certain kinematic parameters
between the dual-task condition and the grasping baseline condi-
tion. The ﬁnger trajectories were ﬁltered off-line using a second-
order Butterworth ﬁlter that employed a low-pass cut-off fre-
quency of 15 Hz. Movement velocities were determined by differ-
entiating the position signal of the markers. Movement onset was
deﬁned by a velocity criterion. The ﬁrst frame in which the wrist
exceeded a velocity threshold of 0.1 m/s was taken as movement
onset. As movement parameters that are known to be susceptible
to dual-task costs we determined reaction time (RT) and move-
ment time (MT). RT was deﬁned as the time between the cue pre-
sentation and movement onset. The ﬁrst frame in which the
velocity of the wrist dropped below a threshold of 0.1 m/s was ta-
ken as the touch of the object. MT was deﬁned as the time between
movement onset and touch of the object. Furthermore, we deter-
mined the approach to the target location by measuring the trajec-
tory of the ﬁngers, calculated as the virtual midpoint between
index ﬁnger and thumb, along the y-axis and z-axis (see Fig. 1 for
axis assignments). The trajectory data were determined every
20 ms from movement onset. Additionally, several parameters
known to reﬂect the accuracy of the programmed grasp compo-
nent (for review see Smeets and Brenner (1999)) were quantiﬁed.
Maximum grip aperture (MGA) was deﬁned as the maximum dis-
tance in 3D between the calculated grasp positions of the thumb
and the index ﬁnger during MT. Moreover, the time when MGA
was reached was determined. Finally, in order to determine how
well the aperture was adjusted to the size of the object over time
we ﬁrst computed the size of the aperture as mean values binned
over 10 samples (42 ms) from movement onset. Then we con-
ducted a linear regression analysis in order to determine the slope
of the function relating object size to aperture size over time. This
provided a sensitive measure of the adjustment of grip aperture to
the speciﬁc objects sizes during the grasp.
Since we were mainly interested in the effects of object size on
grasp kinematics in the baseline conditions (grasping only) and in
the dual-task conditions (grasping and simultaneous perceptual
task), the grasping data was averaged over the two ring positions
(up and down) and the different ring combinations. Furthermore,
we checked in a pre-analysis for the effects of presentation time
of the target digit on grasping kinematics and perceptual perfor-
mance (see the sections on the pre-processing of the data). Since
the presentation time was found to show no major effects on our
dependent variables, the data was averaged over all presentation
times, and then further analysed using repeated measures analysis
of variance (3  2 ANOVA) with the factors ring size (50 mm,
55 mm, 60 mm) and task (baseline condition vs. dual-task condi-
tion). A signiﬁcance level of a = 0.05 was used for the statistical
analyses. If the sphericity assumption was violated, the degreesof freedom were adjusted using the Greenhouse–Geisser correc-
tion (Greenhouse & Geisser, 1959). Values are presented as
means ± standard errors of the mean.
2.2. Results
2.2.1. Perception
2.2.1.1. Pre-analysis on the effects of target presentation time. The
perceptual performance in the baseline conditions was unaffected
by the presentation time, F(2, 22) = 0.9, p = .79. In the dual-task
conditions, there was a slight tendency for a better identiﬁcation
performance when the target was presented later (58.3 ± 4.1% for
presentation after 200 ms, 64.3 ± 4.0% after 350 ms, and
67.1 ± 3.5% after 500 ms). However, the ﬁnding failed to reach sig-
niﬁcance, F(2, 22) = 2.7, p = .09. In the following analyses we
merged the data over all presentation times.
2.2.1.2. Baseline vs. dual-task condition. Regarding the identiﬁcation
performance in the visual attention task we were interested in how
the additional grasping task affected the performance compared to
the baseline condition in which no concurrent movement was re-
quired. The identiﬁcation performance was averaged over all ring
combinations, ring sizes, and presentation times in both condi-
tions. On average participants identiﬁed 84.4 ± 3.4% of the digits
correctly in the baseline condition. This performance dropped sig-
niﬁcantly in the dual-task conditions, t(11) = 6.8, p < .001, in which
participants only identiﬁed 63.1 ± 3.2% of the target digits correctly
(see Fig. 2). When we examined the erroneous trials more closely,
it turned out that participants reported the digit which was pre-
sented in the opposite annulus signiﬁcantly more often in the
dual-task conditions than in the baseline conditions, t(11) = 3.3,
p = .007. In the baseline conditions the opposite digit was reported
in 12.0 ± 5.1% of the erroneous trials which corresponded approx-
imately to the chance level (11.1%). In contrast, in the dual-task
conditions the opposite digit was reported in 26.3 ± 4.3% of all
erroneous trials. This data is in line with previous ﬁndings showing
that movements directed to a certain location in space bind atten-
tional resources, resulting in a reduced ability to allocate attention
to other positions in space (Baldauf & Deubel, 2010; Baldauf et al.,
2006; Deubel & Schneider, 2004).
2.2.2. Grasping
2.2.2.1. Pre-analysis on the effects of target presentation time. To
test whether the time of target presentation affected grasping
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tor presentation time (200 ms, 350 ms, 500 ms) to the data col-
lected in the dual-task condition. No signiﬁcant effect of
presentation time was observed on any of the variables of interest:
MGA: F(2, 22) = 1.4, p = .28, time to MGA: F(2, 22) = 1.1, p = .36,
MT: F(2, 22) = 1.3, p = .29, and RT: F(2, 22) = 1.5, p = .25. For the fol-
lowing analyses we merged the data over all presentation times.
2.2.2.2. Baseline vs. dual-task condition.
2.2.2.2.1. Transport. Fig. 3a shows the meanmovement paths of the
hand (calculated as the virtual mid-point between index ﬁnger and
thumb) in y-direction and two-dimensionally in y–z space (from
the start position to the target location) averaged over the different
ring sizes and ring positions. Surprisingly, the trajectory in the
baseline and the dual-task trials were virtually identical. Thus,
superﬁcially there seems to be no indication that the approach to
the target object was affected by the simultaneously performed
attention task. This conclusion was supported by the MT data.
The MTs were neither affected by the size of the object to grasped,
F(2, 22) = 0.2, p = .79 nor by the task, F(1, 11) = 2.0, p = .19. There
was no interaction effect (p = .91). It took participants on average
614 ms ± 13 ms in the baseline condition to perform the move-
ment, and 594 ms ± 16 ms in the dual-task conditions. Thus, con-
trary to our expectations, MTs were not prolonged when an
additional attention task had to be performed. Regarding the RTs
we found a tendency for prolonged movement initiation times in
the dual-task compared to the baseline task, F(1, 11) = 4.8,
p = .05. On average, participants initiated their movement after
385 ms ± 21 ms in the baseline conditions and after
429 ms ± 17 ms in the dual-task conditions, while there was no ef-
fect of object size and no interaction (both p > .48). This result is in
line with the ﬁnding that doing two tasks simultaneously results in
dual-task costs, typically reﬂected in an increase in error rates and
reaction times as compared to doing only one task at a time (Pash-
ler, 1994; Schubert, 2008).
2.2.2.3. Pre-shaping.
2.2.2.3.1. Pre-analysis on the effects of the size of the irrelevant target
ring. Since studies have shown that the size of an attended distrac-
tor object presented in the workspace can inﬂuence the size of
MGA when grasping a target object (e.g., Castiello, 1996), we
wanted to test whether the size of MGA varied in the dual-task
and in the single-task conditions dependent on the accompanying
ring size presented together with the target object. On could as-
sume that in the dual-task conditions the accompanying ring con-Fig. 3. A: The y-component of averaged movement trajectories for the dual-task and bas
for the dual-task and baseline conditions, plotted separately for the upper (solid lines) astitutes a distractor object which needs to be attended during the
movement, whereas in the baseline conditions no attention has to
be paid to the accompanying ring. To check for this assumption, we
determined the size of MGA when grasping a certain target ring
(e.g., 50 mm) when it was either combined with the smaller of
the remaining ring sizes (e.g., 55 mm) versus the bigger one (e.g.,
60 mm). A 2 (condition)  2 (accompanying ring size) repeated-
measures ANOVA was applied to the data. All three analyses (one
for each ring size) revealed neither a signiﬁcant effect of condition
(all p > .64) nor a signiﬁcant effect of accompanying ring-size (all
p > .08). There were also no signiﬁcant interactions (all p > .20).
For the following analyses wemerged the data over both ring-com-
binations for a certain target size.
Next, we questioned whether the perceptual task affects the
grasp pre-shaping. We had hypothesized that an attentional task
may prevent the early perceptual processing of the grasp target,
such that the movement-relevant parameters of the object, i.e. its
size, could not be integrated during the early movement phase. A
very reliable and commonly used measure to quantify the adjust-
ment of the grip to object size is MGA (Smeets & Brenner, 1999).
As expected, a 3 (object size)  2 (task: baseline vs. dual-task) re-
peated-measures ANOVA revealed a signiﬁcant effect of object size,
F(2, 22) = 81.6, p < .001. On average the size of MGA was
65.7 mm ± 1.5 mm for the small object, 70.1 mm ± 1.7 mm for the
medium sized object and 73.3 mm ± 1.6 mm for the large object.
However, we observed no signiﬁcant main effect of task,
F(1, 11) = 0.05, p = .82 and no interaction effect (p = .53). This ﬁnd-
ing indicates that the MGA was equally well adapted to object size
in both conditions suggesting no effect of the perceptual task on
grip scaling. Regarding the timing of MGA we found, however, a
small but signiﬁcant effect of task, F(1, 11) = 8.2, p = .02. On aver-
age MGA was reached after 482 ms ± 22 ms in the baseline condi-
tions and after 525 ms ± 21 ms in the dual-task conditions. There
was no effect of object size and no interaction (both p > .36). Thus,
although the MGA was about the same size for the different objects
in the baseline and in the dual-tasks, it was reached a bit later
when a perceptual task had to be performed simultaneously. This
ﬁnding prompted us to look more closely at the adjustment of
the grip over time.
For this purpose, we calculated the size of the aperture in time-
bins of 10 samples (42 ms). Fig. 4A shows the aperture proﬁles for
the different object sizes in the baseline and the dual-task condi-
tions. In both conditions the aperture shows a smooth opening over
time. A closer look at the ﬁgure reveals that the ﬁngers open a bit
slower in the dual-task conditions and that the aperture proﬁleseline conditions as a function of time. B: Averaged movement path in the y–z-plane
nd the lower (dashed lines) target position.
Fig. 4. A: Experiment 1: Averaged aperture proﬁles when grasping objects of different sizes in the baseline condition (solid lines) and in the dual-task conditions (dashed
lines) as a function of time. B: Experiment 2: Averaged aperture proﬁles when grasping objects of different sizes in the dual-task condition. In this experiment participants
were instructed to focus on the perceptual task.
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observation in more detail, we calculated the slope of the function
relating object size to aperture size using linear regression analysis.
Thismeasure reﬂects the integration of object size in the grip adjust-
ment over time. Firstly, we tested again for the effects of presenta-
tion time of the target digit on grip scaling in the dual-task
conditions. Therefore,we applied a repeated-measures ANOVAwith
the factors presentation time (200 ms, 350 ms, 500 ms) and timebin
to the data collected in the dual-task condition. Again there was no
signiﬁcant effect of presentation time (p = .80) and no signiﬁcant
interaction between presentation time and time bin (p = .25). As ex-
pected, the main effect of time bin was highly signiﬁcant,
F(19, 209) = 17.9, p < .001. On basis of these ﬁndings we averaged
the data in the dual-task conditions over all presentation times.
Fig. 5 shows the average grip scaling over time in the baseline
condition and in the dual-task conditions. The slopes increased
much slower in the dual-task condition which required reporting
the target digit presented within the RSVP, than in the baseline
conditions in which no perceptual task was performed. The re-
peated-measures ANOVA with the factors task and time-bin re-Fig. 5. Adjustment of the grip scaling (i.e. slope of the function relating grip
aperture to object size) in the baseline condition and in the dual-task conditions of
Experiment 1 and 2, plotted as a function of time.vealed a signiﬁcant interaction effect, F(19, 209) = 2.1, p = .007,
suggesting that in both tasks the slopes changed differently over
time. As expected there was a signiﬁcant effect of time,
F(19, 209) = 61.4, p < .001, reﬂecting the increase of the slopes over
the course of the movement. The main effect of condition failed to
reach the level of signiﬁcance, F(1, 11) = 4.6, p = .06. However, we
would not have assumed that the slopes between the baseline
and the dual-task conditions vary per se but that the slopes in-
crease later and/or slower in the dual-task condition compared to
the baseline condition as conﬁrmed by the interaction effect. When
calculating the differences between conditions at each time point
using paired-samples t-tests four comparisons became signiﬁcant.3. Experiment 2
The results of Experiment 1 show that whereas the perceptual
performance suffers considerably when doing a simultaneous mo-
tor task, the effects of the attention task on the motor performance
are more subtle. Surprisingly, neither movement times nor the tra-
jectories changed when the perceptual task had to be performed.
The only indication that the perceptual task interfered with the
motor planning was found in the adjustment of the grip aperture
to object size. One reason why grasping kinematics remained rela-
tively unaffected by the secondary task might have been that par-
ticipants prioritized performing the grasping task over the
perceptual task, since the consequences of failing in the motor task
were more relevant (e.g., dropping the object). If the decrease in
motor performance is due to the imposed cognitive demands,
increasing the level of difﬁculty of the perceptual task should result
in a further decrease of the grasping performance. Thus, we con-
ducted a second experiment in which we made the perceptual task
more difﬁcult and additionally instructed participants to try to
keep their recognition performance in the dual-task as good as in
the baseline condition (i.e., to set priority to the perceptual task).3.1. Methods
3.1.1. Participants
The same 12 participants as in Experiment 1 participated in this
experiment. Again, all participants were naive with respect to the
purpose of the study.
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The apparatus and the stimuli were identical to those used in
Experiment 1. We only varied the difﬁculty of the perceptual task
by increasing the speed of the RSVP and decreasing the size of the
digits. The digits were again presented for 50 ms but a shorter blank
interval of 55 ms between each presentation was used. The size of
the numbers now was 2.1 of visual angle. In addition we varied
the instruction given to the participants: When doing the dual-task
block participants were asked to keep their identiﬁcation perfor-
mance as good as possible. As in Experiment 1, the dual-task block
consisted of 60 trials. Moreover, we measured the perceptual base-
line in which participants were asked to report the target number
presented in the previously cued target annuluswithout performing
a grasping movement. The data were analysed identical to Experi-
ment 1. The grasping kinematics observed in the dual-task were
compared to the grasping baseline measured in Experiment 1 using
a 2 (task)  3 (object size) repeated-measures ANOVA. The order of
blocks was counterbalanced across participants.
3.2. Results
3.2.1. Perception
3.2.1.1. Pre-analysis on the effects of target presentation time. As in
Experiment 1, we tested for the effects of the different presentation
times of the target digit on the perceptual performance in the per-
ceptual baseline and in the dual-task conditions. In both conditions
(baseline and dual-task) the perceptual performance was unaf-
fected by the time of target presentation (both p > .35). Thus, we
merged the data of all presentation times for further analyses.
3.2.1.2. Baseline vs. dual-task condition. Regarding the identiﬁcation
performance in the visual attention task we were interested in
whether our instruction to maintain a good identiﬁcation perfor-
mance reduced the performance differences between the baseline
and the dual-task conditions as observed in Experiment 1. The iden-
tiﬁcation performance was averaged over all ring combinations and
ring sizes in both conditions. On average participants correctly iden-
tiﬁed 73.0 ± 3.2% of the digits in the baseline condition (the drop of
recognition performance compared to Experiment 1 reﬂects the in-
creaseddifﬁculty of the task). Amazingly, this performance stayed at
about the same level in thedual-task conditions, t(11) = 0.18,p = .86,
in which participants identiﬁed 72.4 ± 3.5% of the target digits cor-
rectly (see Fig. 2). This result demonstrates that the participants
were well able to set different priorities to the perceptual task if
asked todo so. As in Experiment1 therewas an increasedprobability
to report the digit which was presented in the opposite annulus in
the dual-task conditions (22.2 ± 2.9%) as compared to theperceptual
baseline conditions (14.4 ± 4.0%). In contrast to Experiment 1 this
trend did not become signiﬁcant, t(11) = 1.9, p = .08.
3.2.2. Grasping
3.2.2.1. Pre-analysis on the effects of target presentation time. As in
Experiment 1, we tested for the effects of target presentation time
on grasping kinematics in the dual-task condition by applying a re-
peated-measures ANOVA with the factor presentation time
(200 ms, 350 ms, 500 ms) to the data. No signiﬁcant effect of presen-
tation time was observed for time to MGA, MT, and RT (all p > .55).
There was, however, a signiﬁcant effect of presentation time on
the sizeofMGA, F(2, 22) = 5.2,p = .02. Post-hoccomparisons showed
that the size of MGA was smaller when the target occurred after
500 ms thanwhen the targetwaspresentedafter 200 ms. For further
analyses we merged the data of all presentation times.
3.2.2.2. Baseline vs. dual-task condition.
3.2.2.2.1. Transport. As in Experiment 1, the movement times were
unaffected by performing the perceptual task, even when its difﬁ-culty was increased. On average, movements took 638 ms ± 22 ms
which was not signiﬁcantly different from the MTs observed in the
baseline conditions of Experiment 1, F(1, 11) = 0.72, p = .42. Again
there was a marginal effect of the perceptual task on RTs when
comparing them to the RTs of the baseline condition of Experiment
1, F(1, 11) = 3.8, p = .07. On average participants initiated their
movements after 454 ms ± 25 ms. Again, RTs and MTs were unaf-
fected by the size of the object (all p > .37).3.2.2.3. Pre-shaping.
3.2.2.3.1. Pre-analysis on the effects of the size of the irrelevant target
ring. Again, we tested whether the size of MGA varied dependent
on the size of the ring presented together with the target object in
the dual-task conditions. Paired-sample t-tests were applied to the
data. As in Experiment 1, the size of the MGA for a certain target
object was unaffected by the accompanying ring-size (all p > .43).
Regarding the size of MGA, we found no signiﬁcant difference
between the, now more difﬁcult, dual-task condition and the base-
line condition as measured in Experiment 1, F(1, 11) = 1.7, p = .22.
As expected, the repeated-measures ANOVA with the factor ring
size (small, medium, large) showed that the size of MGA was
signiﬁcantly affected by object size, F(2,22)=67.2, p<.001. On
average the size of MGA was 69.4 mm ± 3.1 mm for the small ob-
ject, 73.4 mm ± 3.3 mm for the medium sized object, and
76.4 mm ± 3.1 mm for the large object. MGA was reached after
557 ms ± 26 ms in this experiment. Unlike in Experiment 1 this va-
lue did not differ signiﬁcantly from the baseline condition,
F(1, 11) = 3.7, p = .08. There was no effect of object size on the tim-
ing of MGA (p = .37).
As shown in Experiment 1, the more sensitive parameter than
the size and timing of MGA was however the adaptation of the grip
to the object size over time. Again, we checked ﬁrst for the effects
of presentation time of the target digit on grip scaling in the dual-
task conditions. For this purpose, we applied a repeated-measures
ANOVA with the factors presentation time (200 ms, 350 ms,
500 ms) and time bin to the data collected in the dual-task condi-
tion. As in Experiment 1, there was no signiﬁcant main effect of
presentation time (p = .45) and no interaction between presenta-
tion time and time bin (p = .40). The main effect of time bin was
highly signiﬁcant, F(19, 209) = 40.8, p < .001, however. For further
analyses, the data was averaged over all presentation times in
the dual-task conditions.
Fig. 4B depicts the averaged aperture proﬁles when grasping ob-
jects of different sizes. In comparison to the ﬁndings of Experiment 1
the aperture proﬁles separate even later in this experiment (visual
inspection of the ﬁgure reveals that during the ﬁrst 350 ms the aper-
ture opening is virtually identical for all object sizes). This observa-
tion is further supported by the calculation of the slopes of the
function relating grip aperture to object size. Fig. 5 shows that the
grip adjustmentwas indeed further impaired bymaking the percep-
tual taskmore difﬁcult and asking participants to prioritize this task
over grasping. The repeated-measures ANOVA revealed again a sig-
niﬁcant interaction effect between time and task, F(19, 209) = 3.5,
p < .001. Moreover, the main effects of time, F(19, 209) = 80.5,
p < .001, and task, F(1, 11) = 7.5, p = .02 were signiﬁcant, thus indi-
cating that the slopes increased over time but were signiﬁcantly
lower than in the baseline condition. Post-hoc tests indicated that
all differences between the fourth (147 ms) and eleventh (441 ms)
time bin were signiﬁcantly lower than in the baseline conditions.4. Discussion
It has repeatedly been shown that visual attention is allocated
to the target positions of reaching and grasping movements when
preparing an action, suggesting a coupling between selection for
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Deubel, 2008; Deubel et al., 1998; Schiegg et al., 2003). The main
purpose of this study was to examine whether there is also the in-
verse effect of withdrawing spatial attention from a grasping task
on movement kinematics.
The main ﬁnding across both experiments was that a demand-
ing secondary task requiring visual attention led to an impairment
of the early adjustment of grip aperture to object size. We were
surprised to observe that the effect of the perceptual task on grasp-
ing kinematics was limited to the manipulation component of the
movement. Neither the movement trajectory nor movement times
– both measures related to the transport component of the move-
ment – changed when participants were asked to perform a simul-
taneous identiﬁcation task. This ﬁnding could be related to the
proposition that the transport and the manipulation components
of a grasping movement are controlled by two independent,
though temporally coupled, visuo-motor channels (Jeannerod,
1981, 1984). Studies investigating the effects of paying (covert)
attention to distractor objects reported that interference effects
only occurred when target and distractor involved the program-
ming of different parameters for the same grasping component.
For example, Castiello (1996) found that the size of a distractor ob-
ject that had to be attended covertly selectively inﬂuenced the size
of the grip aperture when grasping a target object (for similar re-
sults see also Kritikos et al., 2000). Complementary, when covert
attention had to be paid to a moving distractor, interference effects
were observed in the transport component only (Bonﬁglioli & Cas-
tiello, 1998). However, to our knowledge no study has yet shown
that even a visual task, being of no direct relevance for the
reach-to-grasp movement, inﬂuences the accuracy of movement
programming and execution. One possible reason why we ob-
served a selective impairment in the adjustment of the manipula-
tion component in our study might be that we varied the size of
the target object from trial to trial, whereas the objects were pre-
sented at constant locations (‘‘up’’ or ‘‘down’’). It is possible that
participants quickly learned the trajectories towards these loca-
tions and automatized the transport component of the movement.
Automatic movement control is performed without controlled
attention and is thus less susceptible to interference processes.
Moreover, there is evidence from anatomical and lesion studies
in humans and monkeys that the transport and the manipulation
components are controlled by different neural structures of the
brain (e.g., Castiello, 2005; Jeannerod, Arbib, Rizzolatti, & Sakata,
1995; Taira, Mine, Georgopoulos, Murata, & Sakata, 1990).
Furthermore, the effects on grasping kinematics were primarily
limited to the early phase of the grip adaptation. The size of MGA
(which occurs in the second half of the movement between 60%
and 75% of movement time and shortly before the object is
touched; see, Jeannerod, 1981, 1984; Smeets & Brenner, 1999)
was largely unaffected by the secondary perceptual task. This ﬁnd-
ing is possibly a direct consequence of the dual-task paradigm
since the target digit was always presented at the beginning of
the movement (at the latest 500 ms after cue-presentation).
Assuming that it took participants approximately 400 ms to initi-
ate the movement, most of the visuo-perceptual processing was
done during the movement initiation phase and shortly after. Thus,
computational resources had to be shared between the tasks dur-
ing movement preparation. Close to the end of the movement the
target digit was already identiﬁed, and resources were freed and
could fully be used to perform the grasping task. Thus, the main
kinematic landmarks of the grasping movement, i.e. the MGA
and its timing, did not provide a very sensitive measure when look-
ing for dual-task effects in this study. The ﬁnding also suggests that
movement programming takes place during the movement initia-
tion phase as withdrawing attention at this time results in a higher
inaccuracy in the speciﬁcation of some kinematic parameters. Be-sides, the delayed adjustment of the grip to the object size might
indicate, that participants start their grip without having speciﬁed
the object size yet. That is, participants could wait until the target
item in the RSVP had occurred before they actually judge the size
of the object and program their movement accordingly. This inter-
pretation would be in line with studies showing that participants
can start their movements before having analysed all information
that is needed for that movement (e.g., van Sonderen & van der
Gon, 1991).
A second interesting ﬁnding of this study was that a concurrent
grasping movement resulted in a signiﬁcant drop of performance
in the perceptual task (compared to the single-task condition). In
other words, when no instructions were given regarding the prior-
ity of the tasks (Experiment 1), we observed a strong decrement in
the perceptual performance whereas the changes in grasping kine-
matics were less conspicuous. Thus, participants seemed to prior-
itize the visuo-motor over the perceptual task, if not instructed
otherwise. Similar ﬁndings have been reported in dual-task para-
digms investigating the relation between cognitive tasks and walk-
ing performance (e.g., Li, Lindenberger, Freund, & Baltes, 2001),
although effects in these studies were primarily conﬁned to elderly
people. However, compared to walking and postural control, grasp-
ing is a ﬁne motor skill and therefore can possibly more easily be
disturbed by a secondary task. One potential reason why partici-
pants try to keep their performance up in the grasping task might
be that inaccuracies in this task have direct negative consequences,
such as dropping or breaking the object. In comparison, reporting a
wrong number in the perceptual task is not associated with any
immediate consequence for the participant.
Besides, in the dual-task conditions, participants tended to re-
port the target presented at the grasping location more frequently
than chance level would predict. This ﬁnding gives additional evi-
dence that during grasping some attention is automatically de-
ployed to the position of the grasp, facilitating the visuo-spatial
discrimination performance at this location (Baldauf & Deubel,
2010; Schiegg et al., 2003). Here, we were able to demonstrate that
this effect is accompanied by a withdrawal of attention from posi-
tions that are not related to the grasp, even occurring when these
grasp-unrelated positions would actually require attention in order
to perform a secondary task successfully.
Finally, we showed in the second experiment that participants
were able to keep their identiﬁcation performance in the dual-task
condition as good as in the single-task condition when they were
instructed to focus on the perceptual task. This result gives further
evidence that humans can ﬂexibly shift attention between tasks
depending on instructions (Kelly, Janke, & Shumway-Cook, 2010).
However, the enhanced perceptual performance was only achieved
at the expense of an additional accuracy impairment regarding the
early grip adaptation to object size.
The ﬁndings reported here are well in line with the propositions
of both, the premotor theory of attention (Rizzolatti, Riggio, &
Sheliga, 1994) and the Visual Attention Model (VAM) of Schneider
(1995), suggesting that ‘‘selection-for-action’’ and ‘‘selection-
for-perception’’ are performed by a common visual attention
mechanism. However, other research has indicated the existence
of separate attentional systems, concerned with the attention re-
lated to the preparation of hand action (sometimes referred to as
‘‘motor attention’’) on the one hand, and to covert and overt orient-
ing of attention on the other. Rushworth, Nixon, Renowden, Wade,
and Passingham (1997) for example devised a paradigm in which
precues allowed participants to covertly prepare for hand move-
ments as opposed to covertly prepare for orienting movements.
Both patients with a left parietal lesion and patients with a right
parietal lesion were able to engage attention to a movement when
the precue was valid. Only the patients with left parietal lesion
however were found to have difﬁculties to disengage the focus of
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tence of two distinct attentional systems allied to the orienting and
to the limb motor systems. In a recent behavioural study, Jonikaitis
and Deubel (2011) demonstrated that attentional resources can be
allocated independently to the targets of eye and hand movements,
suggesting that the goals for these effectors are selected by sepa-
rate attentional mechanisms. While such ﬁndings seem to argue
in favour of dissociable attentional systems, the results of the pres-
ent study clearly demonstrate that these attentional systems nev-
ertheless compete for attentional resources.
Taken together, our ﬁndings show that there are prominent
dual-task costs when a grasping movement and a perceptual task
that requires visual attention at a different location are performed
simultaneously. When a concurrent grasping task is required, per-
ceptual processing resources have to be withdrawn from the
movement-relevant location. Conversely, when visual attention is
allocated to a perceptual discrimination task, the efﬁciency of the
grasping movement suffers, that is, it seems that visual recognition
of one target delays the motor selection of another target. This
shows that grasping is a process which requires attentional capac-
ities, challenging the proposition that such movements are per-
formed completely automatized. The allocation of attention to
action-irrelevant items in the visual ﬁeld leads to a poorer adapta-
tion of the grasp to the object’s properties, which may partly ex-
plain why humans tend to drop objects more often when they
are distracted.
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